Redox transition zones play a crucial role in biogeochemical cycles of several major elements. Because microorganisms mediate many reactions of these cycles, they actively participate in establishing geochemical gradients. In turn, the geochemical gradients structure microbial communities. We studied the interrelationship between the bacterial community structure and the geochemical gradient in the Cariaco Basin, the largest truly marine anoxic basin. This study's dataset includes bacterial community composition in 113 water column samples as well as the data for environmental variables (gradients of oxygen, hydrogen sulfide, sulfite, thiosulfate, ammonia, nitrate, nitrite, dissolved manganese and iron, dark CO 2 fixation, and bacterial abundance) collected between 1997 and 2006. Several prominent bacterial groups are present throughout the entire water column. These include members of Gamma-, Delta-, and Epsilonproteobacteria, as well as members of the Marine Group A, the candidate divisions OP11 and Car731c. Canonical correspondence analysis indicated that microbial communities segregate along vectors representing oxygenated conditions, nitrite, nitrate and anoxic environments represented by chemoautotrophy, ammonia, sulfite, and hydrogen sulfide.
Introduction
Pelagic redoxclines play a crucial role in biogeochemical cycles of several elements in the ocean. Methane produced in anoxic marine environments is effectively scavenged in such zones, naturally controlling its release to the atmosphere (Ward et al., 1987; Scranton, 1988) . Another greenhouse gas, carbon dioxide, is metabolized in these zones by autotrophic microorganisms. Many important microbiologically mediated redox reactions occur along gradients between oxic and anoxic environments, including sulfide oxidation (Jørgensen et al., 1991) , nitrification, and denitrification (Kuypers et al., 2003) , as well as manganese and iron reduction (Thamdrup et al., 2000) .
The vertical distribution of electron donors and acceptors in chemically stratified marine water columns imposes a gradient that yields a stratified distribution of associated microbial populations (Ramsing et al., 1996) . The distribution of microbial communities across the hydrogen sulfide-oxygen interface has been studied extensively for several redox transition zones, including the Black and Baltic Seas (Vetriani et al., 2003; Labrenz et al., 2005; Kirkpatrick et al., 2006; Lin et al., 2006; Grote et al., 2007 Grote et al., , 2008 Fuchsman et al., 2011) , fresh and saline meromictic lakes (Tonolla et al., 1999; Koizumi et al., 2004) and the Cariaco Basin (Madrid et al., 2001; Lin et al., 2006 Lin et al., , 2008 Wakeham et al., 2010 Wakeham et al., , 2012 . Of these systems, the Cariaco Basin stands apart by being the largest truly marine anoxic basin (Richards, 1975) .
A prominent feature of microbial communities in all aphotic redox transition zones is the presence of chemolithoautotrophic bacteria belonging to Epsilonproteobacteria and Gammaproteobacteria (Madrid et al., 2001; Labrenz et al., 2005; Lin et al., 2006; Grote et al., 2007 Grote et al., , 2008 . Clone libraries (16S rRNA gene) revealed differences between microbial communities within the redoxcline and anoxic zone in the Cariaco Basin. Both communities were dominated by Epsilonproteobacteria (Madrid et al., 2001) . Using fluorescent in situ hybridization (FISH), Lin et al. (2008) observed sharp increases in Epsilonproteobacteria and Gammaproteobacteria abundances within the redox transition zone in the Cariaco Basin, a feature consistent among different cruises. FISH depth profiles for Betaproteobacteria were, however, very variable from cruise to cruise: this group was prevalent during three of five sampling cruises accounting for up to 30% of all cells in the redox interface and up to 40% in the upper anoxic zone (Lin et al., 2008) . Observed variations in microbial community composition through the water column and among different sampling times are likely to be related to the distribution and abundance of specific electron acceptors and donors. For example, iron and manganese are likely to be important for bacterial communities in the redox transition zone because oxidized and particulate forms of these elements appear to be available for microbial respiration Percy et al., 2008) . Sulfur species with intermediate redox states (elemental sulfur, sulfate and thiosulfate) are also likely important (Hastings & Emerson, 1988; Li et al., 2008) . In addition, NH 4 þ and H 2 S may represent energy sources (electron donors) to chemoautotrophy in the redox transition/anoxic zones (Tuttle & Jannasch, 1979; Taylor et al., 2001) .
Only the protistan diversity dynamics has so far been studied in much detail for the Cariaco Basin. Stoeck et al. (2009) found that the anaerobic protistan communities exposed to hydrogen sulfide are different from those observed within portions of the redox transition zone characterized by sulfide-free oxygen-depleted conditions, indicating that H 2 S is an important driving force shaping these communities' vertical structure. Orsi et al. (2011) also found a significantly nonrandom distribution of protistan clades, which are observed to be restricted to specific layers of the Cariaco Basin water column. It would be interesting to compare whether similar environmental divers are involved the structuring of the bacterial community in the Cariaco Basin.
In this paper, bacterial community composition in the Cariaco Basin was studied over a period of 10 years using denaturing gradient gel electrophoresis (DGGE) of a polymerase chain reaction (PCR)-amplified region of DNA coding for the 16S rRNA gene. This electrophoresis technique separates DNA fragments of equal size according to differences in their melting characteristics, which depend on their particular nucleotide sequences, resulting in differential migration of the fragments that can be visualized as discrete bands (Muyzer et al., 1993) . The gel pattern thus obtained provides a profile of the bacterial populations present in the habitat under study, and sequencing of individual bands from the gel gives information on the phylogenetic affiliation of bacteria whose DNA was the source of the bands. The banding pattern information is then used for multivariate analyses of the bacterial community composition in relation to the published geochemical data (Hayes et al., 2006; Li et al., 2008; Percy et al., 2008) . Direct multivariate analysis is used to relate distributions of microbial communities to environmental gradients. With these techniques, the correlation between environmental variables and community composition is calculated and tested (Muylaert et al., 2002) . Canonical correspondence analysis (CCA) identifies an environmental basis for the community structure by detecting patterns in the community composition that can be best explained by the environmental variables considered. The resulting ordination diagram shows the main pattern of variation in community composition as accounted for by the environmental variables, and also shows, in an approximate way, the distributions of the species along each environmental variable (Ter Braak, 1986) . This technique has been successfully applied to describe temporal and spatial variations in several marine and freshwater column microbial communities (Lindstrom, 1998; Ferrari & Hollibaugh, 1999; Konopka et al., 1999; Van Hannen et al., 1999) and was also successfully used in this research.
Materials and methods

Site description and sampling
The Cariaco Basin is located along the northern coast of Venezuela on the continental shelf. The 1400-m-deep basin is separated from the Caribbean Sea by a sill at 90-140 m and is divided into two sub-basins, eastern and western, by a saddle at 900 m (Richards, 1975) . Horizontal mixing of the waters with the open Caribbean is limited, and vertical mixing is restricted by a strong salinity maximum at about 150 m. As this is a region of strong seasonal upwelling and high productivity , carbon flux to the deep waters of the basin is high, and remineralization of this material in the water column and sediments generates complete anoxic conditions below 250-350 m (Richards, 1975) .
Bacterioplankton samples were collected at various depths during seven cruises ( , chemoautotrophic production, and bacterial abundance were taken from the same Niskin bottles for geochemical characterization of the environment. Details of these methods have been described elsewhere Hayes et al., 2006; Li et al., 2008; Percy et al., 2008) . Dissolved inorganic chemical species data published earlier by Hayes et al. (2006) , Li et al. (2008) , and Percy et al. (2008) were used in our analyses and are available on the CARIACO website. Microbial abundances and dark carbon assimilation were measured according to Taylor et al. (2001) .
DNA extraction
The protocol employed for extraction of genomic DNA is a modification of the procedure described by Xu & Tabita (1996) . To the thawed and shredded membranes immersed in the extraction buffer, 0.5 mL of 10% sodium dodecyl sulfate and 250 lL of proteinase K solution (10 mg mL À1 ) were added, followed by three cycles of freeze-thaw incubation, consisting of 50°C for 10 min and À80°C for 15 min. The thawed mixture was then extracted once with water-saturated phenol (neutralized with 0.5 M Tris-HCl buffer, pH 7.4) and once with chloroform. DNA was precipitated by addition of a 1/10 volume of 3 M sodium acetate and two volumes of chilled absolute ethanol. The mixture was frozen at À80°C overnight then centrifuged at 15 000 g for 30 min in a microcentrifuge. The DNA pellet was washed with 70% ethanol and left to dry in a desiccator for 20 min. The pellet was dissolved in 200 lL of sterile HPLC quality water (Fisher Scientific) and stored at À20°C. We also isolated DNA from the Cariaco Basin samples with a different technique using Mo Bio (Carlsbad, CA) and Qiagen (Valencia, CA) DNA isolation kits (UltraClean TM Microbial DNA Isolation Kit and QIAamp DNA Mini Kit, respectively). The DNA yield was slightly lower with the Mo Bio kit and very similar with the Qiagen kit to the Xu and Tabita method. Moreover, DNA isolated by either the Qiagen kit or the Xu and Tabita method showed a similar complexity of the microbial communities (data not shown).
DNA amplification and DGGE
Polymerase chain reaction amplification of each sample was performed using the conditions and primers 341F-GC and 907R, described by Muyzer et al. (1993 Muyzer et al. ( , 1998 , respectively with modifications to target a wider range of bacteria: 341FM 5′-CGCCCGCCGCGCCCCGCGCC CGTCCCGCCGCCCCCGCCCGCCTACGGGDGGCWGC AG-3′ and 907RM 5′-CCGYCWATTCMTTTGAGTTT-3′. The purpose of the GC clamp in the forward primer is to prevent the complete dissociation of the two DNA strands during denaturing in the gel (Sch€ afer & Muyzer, 2001) . Each amplification reaction mixture (50 lL final volume) consisted of 25 lL of GoTaq â Green Master Mix (Promega, Madison, WI), 2 lL of DNA (concentration, 50-100 ng lL À1 ), and each primer at a concentration of 0.5 lM. A touchdown amplification cycling protocol was used with the following parameters: initial denaturation at 94°C for 3 min, followed by 20 cycles of 1 min at 94°C, 1 min at 65°, 55°C (touchdown À0.5°C cycle
À1
), and 3 min at 72°C, followed by 15 cycles of 250, 270, 280, 290, 300, 310, 320, 330, 340, 500 B 170, 220, 230, 255, 270, 285, 300, 320 C 205, 245, 255, 270, 280, 290, 305, 320, 355, 400 Car112 (May 2005 ) A 55, 150, 235, 250, 260, 270, 280, 290, 300, 310, 340, 500 B 200, 225, 250, 260, 275, 285, 300, 315, 330, 400 C 205, 255, 270, 280, 290, 305, 320, 330, 355, 400 Car118 (January 2006 Microbial communities in an anoxic basin 1 min at 94°C, 1 min at 55°C, and 3 min at 72°C, followed by 7-min final extension at 72°C. To specifically amplify Epsilonproteobacteria sequences, we decided to design an additional reverse primer (EPS685R) based on the oligonucleotide probe used by Lin et al. (2008) for FISH: 5′-TCT ACG GAT TTT ACC CCT AC-3′ (a portion of the original EPS682R primer is shown in bold). Amplification conditions for this epsilon primer set (341FM-GC/EPS685R) were the same as for 341FM-GC/907RM.
Denaturing gradient gel electrophoresis was performed as described previously (Sch€ afer & Muyzer, 2001 ). The PCR products (60 lL) were loaded on a 20-80% denaturant, 6% polyacrilamide, 1.5-mm gradient gel, and electrophoresed in 0.59 TAE buffer (19 TAE buffer is 0.04 M Tris base, 0.02 M sodium acetate, and 10 mM EDTA [pH 7.4]) at 100 V for 14 h at 60°C using a CBS Scientific DGGE system (Del Mar, CA). Hundred percent denaturant consisted of 40% (v/v) formamide and 7M urea. The gels were stained with ethidium bromide (0.2 lg mL À1 )
and photographed on a UV transilluminator.
Sequencing of excised DGGE bands
To obtain the DNA from DGGE gels, a fragment of each targeted band was excised from the gel with a sterile razor blade and placed into a 2-mL microcentrifuge tube. Sterile HPLC purity water (0.5 mL) and 0.2 g of zirconium beads (0.1-mm diameter) were added to the tube and then vigorously shaken (5000 r.p.m.) on a Mini Beadbeater (Biospec Products, Bartlesville, OK) for 3 min. The mixture was then incubated overnight at 4˚C, and 2-5 lL of supernatant was used as template DNA in a re-amplification PCR performed with the primers 341FM (without GC clamp) and 907RM or EPS685R under the same conditions as described above. The amplicons were purified with Wizard SV Gel and PCR Clean-Up System (Promega) according to the manufacturer's instructions. The cleaned PCR products were directly sequenced using a BigDye Terminator v3.1 Cycle sequencing kit (Applied Biosystems, Foster City, CA), and the sequencing reactions were run in a 3130xl Genetic Analyzer (Applied Biosystems).
DGGE image analysis
DGGE gel images were analyzed using the software GELCOMPAR â (Applied Maths, Kortrijk, Belgium). This software allows extraction of densitometric curves from banding patterns, normalization of banding patterns in each gel to a common standard for comparison between gels, and statistical comparison of banding patterns from different samples.
The fingerprint processing steps involves digitizing the banding patterns by defining the lanes to be analyzed in a gel and rescaling the densitometric curve to improve band intensity and correct for lane to lane variation due to differences in staining or in the amount of PCR product loaded in a lane.
Standard bands, which were sequenced from every analyzed gel, were used for unambiguous matching of band patterns in different lanes and gels. The standard bands are matched, as well as the bottom edge of the wells at the top of each gel, as a reference point. The software then stretches or shrinks each lane defined so that the reference points line up with the corresponding markers in the universal standard. Finally, the software defines and quantifies all the bands present in the gel. This step's results were manually edited to make sure the band assignment, and matching was correct.
Statistical analysis
The DGGE banding patterns obtained were converted to a binary presence/absence matrix for each band or operational taxonomic unit (OTU), as well as to an 'intensity percentage' matrix, which can further be used for statistical analysis. Both types of matrices were then analyzed by CCA using the PC-ORD TM v5 software (MJM Software, Gleneden Beach, OR) to establish whether there was a relationship between the environmental variables and the bacterial community structure. Among the environmental variables included in the analysis are O 2 , H 2 S, SO , chemoautotrophic production, and bacterial abundance. Ordination diagrams were drawn to show the relationships observed, with samples (bacterial communities) represented by points and environmental variables represented by arrows. The angle and length of the arrows indicate the direction and strength of the relationship among the environmental variables and the ordination scores for the samples (Ter Braak, 1986; McCune & Grace, 2002) . Monte Carlo randomization tests (999 runs) were used to rule out the hypotheses of no relationship between the samples data and the environmental data.
Amplification and phylogenetic analysis of 16S rRNA gene from the OP11 and OD1 candidate division bacteria
To obtain the complete 16S rRNA gene sequences of the bacteria belonging to the OP11 and OD1 candidate divisions and group 731c, six primers were designed to target unique regions approximately in the middle of the 16S rRNA gene. Primers targeting the opposing strand of DNA were designed to be used as a forward and as a reverse in a conjunction with the universal primers AC18 and AC22 (Table 2 ). The PCR reaction conditions and sequencing of amplified DNA fragments were as described in the previous sections.
The sequences obtained were assembled in a contig using SeqMan Pro (DNASTAR Lasergene Core Suite v7.0, Madison WI). To perform phylogenetic analysis of the assembled contig sequences, an alignment was built that included several representatives from the candidate divisions SR1, OP11, and OD1. Sequences were aligned using the Muscle aligner (Edgar, 2004) . Shorter sequences of interest (< 1000 nucleotides) were then added to the alignment without altering the general topology of the tree generated from the alignment. Phylogenetic trees of almost full-length sequences were calculated with the Maximum Likelihood algorithm using MEGA v5 (Tamura et al., 2011) .
Nucleotide sequence accession numbers
The sequences obtained from the DGGE bands have been deposited in GenBank under accession numbers FJ436449 through FJ436682. The assembled candidate division sequences have been deposited in GenBank under accession numbers JQ724320, JQ724321.
Results
Bacterial community composition
A total of 113 DNA samples collected during seven cruises (CAR19, CAR25, CAR29, CAR66, CAR108, CAR112, and CAR118) were analyzed by DGGE. An image of typical denaturing gradient gels generated with the universal and epsilon primer sets is shown in Fig. 1 . Bands detected in each lane are divided into the two following groups: major bands, which were successfully sequenced, and correspond herein to OTUs and minor bands, which could not be sequenced, but were nevertheless used in community structure and statistical analyses. For each lane in DGGE gels generated with the universal primers, 66 individual features (a specific band presence/ absence) per lane were identified. DGGE gels with the epsilon primers sets produced 42 features.
In total, 77 OTUs were detected in 113 samples. Eight members of the community were found during every cruise and in the oxic, redox transition and anoxic zones, but not always in all zones at the same site ( Fig. 1a and b; Fig. 2 ; Supporting Information, Table S1 ). These include members of the Gamma-(DGGE band BJ9), Delta-(DGGE band CJ26), and Epsilonproteobacteria Microbial communities in an anoxic basin (DGGE bands EVA53 and EM5A36), as well as members of the Marine Group A (DGGE band C12), and the group Car731c (DGGE bands EJ6B08, EM5A20 and EM5A30). Twenty-nine percent of the OTUs (22 OTUs total) were found only in the redox transition (defined as the region where oxygen concentration was 2 lM and sulfide concentration was 2 lM) and/or anoxic zones (defined as having sulfide present), and of these, only four were found exclusively in the redox transition zone, and only four were found in the anoxic zone (Fig. 2) . Twenty-three percent of the total OTUs were found only in the oxic layer, and 34 OTUs, representing 44% of the community members, were found across the entire Basin water column (i.e., they were detected at least once in all three zones). Eleven of 77 OTUs were observed only in samples collected during the cruises from 1998 to 2001 (CAR19, CAR25, CAR29, CAR66). In contrast, 47 of 77 OTUs were present only in samples collected between 2006 (CAR108, CAR112, and CAR118) . During the most recent cruises -CAR108, CAR112, CAR118 -32 OTUs were found exclusively in one site: 19 in site A, nine in site B, and four in site C.
The majority of OTUs characterized (41 of 77, 53%) belonged to the Proteobacteria division and out of these, 16% corresponded to Gammaproteobacteria, 13% were Epsilonproteobacteria, 13% Deltaproteobacteria, and 12% belonged to Alphaproteobacteria (Fig. 3) . No representatives from Betaproteobacteria subdivision were found in excised bands. After Proteobacteria, the group with the second highest diversity was the Candidate Division OP11 (17%). The OTUs belonging to Epsilonproteobacteria, the Candidate Divisions OD1, OP11, and group Car731c, as well as one member of Actinobacteria, and the only member of the Marine Group A found, were observed only in depths with microoxic (< 130 lM O 2 ) or anoxic (sulfide present) conditions (Fig. 2, Table S1 ).
PCR-DGGE analyses of Epsilonproteobacteria
The initial survey of the samples with the universal primer set 341FM-GC/907RM did not produce any Epsilonproteobacteria sequences. In previous studies, this group has been shown to be present in considerable numbers in the redox transition zone and anoxic layers of the Cariaco Basin (Madrid et al., 2001; Lin et al., 2006 Lin et al., , 2008 , which led us to speculate that maybe the universal primers were failing to amplify 16S rRNA gene from the Epsilonproteobacteria subdivision. Therefore, a second primer set was used, which included the oligonucleotide probe (EPS682R) employed by Lin et al. (2008) for FISH detection of Epsilonproteobacteria as a reverse primer in conjunction with the universal primer 341FM-GC. The pair 341FM-GC/EPS682R produced poor amplification, and therefore, ESP682R was slightly modified to generate ESP685R. The 341FM-GC/EPS685R primer set (Fig. 1b) effectively produced Epsilonproteobacteria amplicons (Table S1 ). However, this primer set also produced additional amplicons belonging to the candidate divisions OP11, OD1, and group 731c. Among Epsilonproteobacteria, bacteria closely related to genus Sulfurovum were most abundant (six of 10 OTUs). We also observed 16S rRNA gene sequences derived from close relatives of the Arcobacter and Sulfurimonas genera (Table S1 ) along with other unclassified Epsilonproteobacteria isolates.
Canonical correspondence analysis of DGGE patterns
In an attempt to assess the spatial and temporal variation within the bacterial community in the Cariaco Basin water column, CCA analysis was performed using two different sets of data. First, to assess the long-term variations (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , 10 years), a dataset that included all 113 samples from the seven cruises available was analyzed together with the data for the environmental variables O 2 , H 2 S, chemoautotrophy, and bacterial abundance, because these were the variables available for all cruises. The two-dimensional plot drawn of the CCA results with these samples (Fig. 4) shows that the bacterial communities were separated along the vectors representing the O 2 gradient and the H 2 S gradient. Axes one and two in Fig. 3 account for 16 .8% of the total variance (Table 3 ; Monte Carlo test of Eigenvalue, P 0.001). The first axis is defined by oxygen (r = À0.997), the second by hydrogen sulfide (r = À0.876), while the third axis is defined by chemoautotrophy (r = 0.724). There is a strong relationship between the environmental variables Fig. 3 . Relative distribution of phylum/class level taxa in the Cariaco Basin bacterial community across the oxic, redox transition and anoxic zones of the water column. For cruises details see Table 1 . Microbial communities in an anoxic basin and the microbial community structure (Table 3 ). The length of the major axis (Fig. 4) is 5.0 standard deviation units, implying that there were marked differences between the extremes of the oxygen gradient for the samples. Figure 5 shows the two-dimensional ordination plot obtained when the analysis is made with only 93 samples corresponding to more recent cruises (Car 108, Car 112, and Car 118; , which sampled three stations. For the analysis of this dataset, we included all environmental variables, which improved the total amount of variance explained by the ordination analysis to 22.2% and increased the species-environment correlation for the whole analysis (Table 4 ; Monte Carlo test of Eigenvalue, P 0.001). The major axis, which is again defined by oxygen (r = À0.931), has a length of 5.0 standard deviation units, consistent with the decrease in oxygen from surface water values to zero at the depth where sulfide appears. We can see that the aerobic communities are also well correlated with nitrate (r = À0.592), which may be attributed to the activity of aerobic ammonia oxidizing prokaryotes. The environmental variables with the strongest influence on the anoxic communities are H 2 S (r = 0.769), S 2 O 2À 3 (r = 0.690), SO 2À 3 (r = 0.612), and NH þ 4 (r = 0.768), suggesting that these ions play an important role in the spatial distribution of the communities throughout the anoxic water layer. The axis defined by the oxygen gradient (axis 1, Fig. 5 ) still explains most of the variance observed throughout the water column (16.1% of the total, Table 4 ). The majority of bacterial communities present in the redox transition zone cluster together but do not show a strong correlation to any of the environmental variables measured (Fig. 5) .
We can do a post hoc evaluation of the quality of the data reduction derived from CCA by comparing how well the distances between points in the ordination diagram represent distances in the original, n-dimensional space (McCune & Grace, 2002) . This method calculates the coefficient of determination (r 2 ) between distances in the ordination and distances in the original space. Table 5 shows the r 2 values for the dataset from the last three cruises. McCune & Grace (2002) state that for datasets with 20 or more species, researchers can be confident of the results when more than 50% of the variation observed in the analysis is explained with two axes. We can see that for our particular case, 64% of the variation is explained in the first two axes (Table 5 ). The fact that the increment for the third axis is negative implies that the ordination method may be optimizing some criterion other than maximizing the percentage of variance extracted on this axis.
Candidate divisions and group Car731c
One group found by DGGE analysis to be ubiquitously present in the basin's water column was designated Car731c due to its similarity to a sequence previously found in Cariaco by cloning (DGGE band EM5A30, 98% similarity, Table S1 ). 16S rRNA gene of this group shows 91% similarity to 16S rRNA gene retrieved from an environmental sample, which has been previously assigned to the uncultured candidate division OP11 (Table S1 ). To further study the phylogenetic affiliation of the Car731c group, as well as that of the other tentative OP11 and OD1 candidate divisions representatives found in the Cariaco Basin, PCR primers specific only to these groups were designed based on alignments that contained these sequences and sequences of other bacteria found in the basin. The purpose of this exercise was to attempt to assemble nearly full-length rDNA sequences belonging to each candidate division/group. Of 13 different initially identified OP11 OTUs, one, EJ6B08, was ubiquitous and was specifically targeted for amplification. The OD1 candidate division was represented by one OTU, EM5A33, which was not ubiquitous in the Cariaco Basin. A 1423-bp-long sequence was successfully obtained for the EJ6B08 contig, and a 1088-bplong sequence was obtained for the Car731c group (EM5A30 contig). Unfortunately, the primers designed for the OD1 candidate division did not generate amplicons so that full or near full 16S rRNA gene sequence for this OTU could not be generated. Neighbor-Joining and Maximum Likelihood phylogenetic analyses were performed to infer the phylogenetic affiliation of the assembled sequences (Figs 6 and S1 ). Both EJ6B08 and EM5A30 contigs were reliably placed within the novel candidate division Car731c.
Discussion
Spatio-temporal variation of the microbial communities in the Cariaco Basin water column Forty-four percent of the bacterial community members detected by DGGE were found at least once in all of the oxic, redox transition, and anoxic layers, although from these, approximately half were confined only to the portion of the oxic zone where oxygen was < 130 lM, suggesting that the Basin water column is dominated by microaerophiles, facultative anaerobes, and aerotolerant anaerobic bacteria. Madrid et al. (2001) also found a substantial membership overlap between the transition and the anoxic zone bacterial communities. Other authors, however, have suggested stratified vertical distribution of both bacterial (Wakeham et al., 2010 (Wakeham et al., , 2012 and particularly protistan communities along the basin's water column (Stoeck et al., 2009; Orsi et al., 2011) . The observed lack of strong bacterial stratification can be explained by passive bacterial transport with sinking particles. For example, cyanobacteria and SAR11 representatives -clearly aerobic microorganisms -were found in the redox transition and even anoxic zones (Table S1) .
Bacterial communities showed a shift in their composition from 1997-1998 to 2005-2006 sampling years, with a 50% increase in the number of OTUs observed in the latter years. The eight ubiquitous members of the bacterial communities (DGGE bands BJ9, CJ26, EVA53, EM5A36, C12, EJ6B08, EM5A20, and EM5A30), however, remained. It is worth noting that the sampling and extraction methodologies have remained identical through the course of the project. Although, minor fluctuations in the water chemistry have been observed over the course of the sampling years, they, in our opinion, have never been drastic enough to account for the observed difference in the community diversity.
Among the different sites sampled, site A consistently contained a higher number of OTUs present compared with sites B and C. This may be connected with the observation that the Western basin (where sites B and C are located) is characterized by a lower productivity . The latter also showed broader redox transition zones compared with site A during all three cruises between (Astor et al., 2003 . Physically and geologically, stations B & C are closer to channels connecting the basin to the open Caribbean, rendering them more susceptible to potential lateral O 2 intrusions (Astor et al., 2003) that could affect the diversity of OTUs observed.
Bacterial community composition and inferred metabolism
Members of the following major taxa were detected in the Cariaco Basin: Chloroflexi, Cyanobacteria, Proteobacteria (Alpha-, Gamma-, Delta-and Epsilonproteobacteria), Firmicutes, Actinobacteria, Planctomycetes, Marine Group A, Bacteroidetes, candidate divisions OP11 and OD1, and group Car731c (Fig. 2) . Of these, Firmicutes, Planctomycetes, and Bacteroidetes were observed only occasionally. The single representative of the phylum Chloroflexi tends to be found mostly in the redox transition and anoxic zones and only distantly related to any cultured microorganisms (Table S1 ). Both Prochlorococcus and Synechococcus spp. (phylum Cyanobacteria) were found throughout the water column of the Cariaco Basin. Wakeham et al. (2012) have detected betaine lipids, which are found in these two cyanobacteria; however, they interpreted the source of these lipids to be eukaryotic algae on the basis of fatty acids present. Actinobacteria sequences were mostly retrieved from site A, although were present in all three zones of the Cariaco Basin. None of them was closely related to characterized isolates of Actinobacteria. None of these groups has been detected in earlier studies using clone libraries (Madrid et al., 2001) and FISH (Lin et al., 2008) .
The Candidate Division OP11 and OD1 and the group Car731c sequences were unexpectedly amplified with the epsilon primer set. Neither OP11 nor OD1 have previously been detected in the Cariaco Basin, but group 731c was observed earlier (Madrid, 2000) . All representatives of these three groups were detected in either anoxic or microoxic conditions (Fig. 2) . A partial genome sequence of a noncultured member of the OP11 division suggests that it has fermentative metabolism (Youssef et al., 2011) . Only a small portion of an OD1 representative genome has been sequenced, which suggests that it is anaerobic bacterium with a large number of genes acquired from archaea (Elshahed et al., 2005) .
Representatives of Alphaproteobacteria were the least diverse class of Proteobacteria found in the Cariaco Basin. At least in part, this may be due to the focus of our research on the redox transition and anoxic zones, meaning that the oxic zone was not extensively sampled. Indeed, according to FISH, Alphaproteobacteria in the Cariaco Basin comprise 1-5% of all prokaryotic cells found in the redox transition and anoxic zones but > 5% of prokaryotic cells found in the oxic zone (Lin et al., 2008) . Two alphaproteobacterial clades (DGGE bands AM38 and BJ23) were found only in anoxic environments and five only in oxic ones (Fig. 2) . Two clades (including SAR11-DGGE band AM22) were found throughout the water column of the Basin, and their presence in the anoxic environments was attributed to sinking along with marine snow (particles). The SAR11-related sequences were the only ones among Alphaproteobacteria which can be assigned to a cultured microorganism (i.e., Pelagibacter ubique).
Epsilonproteobacteria in the Cariaco Basin
Previous studies have reported the Epsilonproteobacteria subdivision to be one of the predominant players in the Cariaco Basin redox transition zone (Madrid et al., 2001; Lin et al., 2006 Lin et al., , 2008 Wakeham et al., 2010 Wakeham et al., , 2012 . The same has been observed for the Black Sea and the central Baltic Sea pelagic redoxclines (Lin et al., 2006; Grote et al., 2007) . Our findings show that this group indeed has maintained a constant presence in the Cariaco Basin redox transition zone and the anoxic zone in both time and space. The closest cultured relatives of Epsilonproteobacteria representatives found in our DGGE profiles are strains of Arcobacter sp., Sulfurimonas sp., and Sulfurovum sp. Isolates from these genera have been shown to use hydrogen sulfide, elemental sulfur and/or thiosulfate as electron donors (Campbell et al., 2006; and references therein; Sievert et al., 2008) . Arcobacter nitrofigilis and Sulfurimonas denitrificans have been previously reported for the anoxic zone of the Cariaco Basin (Madrid et al., 2001) , where they were hypothesized to be involved in sulfur metabolism. Sulfurimonas spp. representatives have been described in both the Baltic Sea and Black Sea redoxclines (Grote et al., 2008; Glaubitz et al., 2009) . The Sulfurimonas subgroup GD17 has been shown to dominate chemoautotrophic production in the redoxcline of the Baltic Sea and it is also responsible for at least 5% of the CO 2 fixation observed at the redoxcline of the Black Sea, where Epsilonproteobacteria was responsible for~70% of the chemoautotrophic production (Grote et al., 2008) . Both Sulfurovum sp. NBC37-1, which was the closest cultured relative of several OTUs found in the redox transition and anoxic zones of Cariaco (four of six Sulfurovum-related OTUs, Table S1 ), and Sulfurovum lithotrophicum, which has a 98% similarity to 16S rRNA gene of one of our OTUs, possess sulfur related metabolisms. Yamamoto et al. (2010) showed that Sulfurovum sp. (Inagaki et al., 2004) .
Gammaproteobacteria in the Cariaco Basin
According to FISH, gammaproteobacterial numbers peak at the transition zone comprising 5-10% of all prokaryotic cells present (Lin et al., 2008) . Three of the Gammaproteobacteria sequences found in our survey of the water column of the Cariaco Basin showed 99-100% similarity to 16S rRNA gene from uncultured bacterial clones previously recovered from Cariaco waters (Madrid, 2000) . These are the sequences of DGGE band AJ38 with 99% similarity to the sequences of the clone Car172f, DGGE band BJ15 with 99% similarity to the sequence of the clone Car175f, and DGGE band BJ9 with 100% similarity to the sequence of the clone Car166. The latter was also one of the most ubiquitous OTUs found across the Basin water column. Sequences of DGGE bands BJ9 and BJ15 are also related, albeit somewhat distantly (90% similarity), to two species of the genus Thioprofundum: T. hispidum and T. lithotrophica, (Table S1 ). Both Thioprofundum spp. are characterized as obligate chemolithoautotrophs that can utilize elemental sulfur, thiosulfate, and tetrathionate as electron donors and nitrate and molecular oxygen as electron acceptors (Takai et al., 2009; Mori et al., 2011 . Sequences of DGGE bands AJ38, AM11, B16, and CJ25 were found to belong to free living relatives of sulfur-oxidizing symbionts of mollusks and polychaetes (Table S1 ). The sequence of DGGE band AJ38 was also found to be 98% identical to 16S rRNA gene of a SUP05 cluster bacterium clone. At least one bacterium from this cluster has been cultured and named 'Candidatus' 'Thioglobus singularis' (Marshall & Morris, 2013) . A metagenomic analysis of uncultivated pelagic SUP05 cluster populations from the Saanich Inlet (Walsh et al., 2009 ) identified several genes involved in chemolithotrophic oxidation of reduced sulfur compounds, including genes necessary for oxidation of H 2 S to S 0 , complete oxidation of S 0 to sulfate, and for thiosulfate oxidation. Genes involved in denitrification to N 2 O were also found. Additionally, the metagenome of the SUP05 cluster indicated a facultative or strictly anaerobic lifestyle (Walsh et al., 2009) . Besides in Saanich Inlet, an anoxic fjord in British Columbia, the SUP05 cluster has been found in the deep suboxic zone of the Black Sea (Fuchsman et al., 2011) , and an oxygen minimum zone in the Eastern Tropical South Pacific, off northern Chile (Canfield et al., 2010; Stewart et al., 2011) .
Apart from Gammaproteobacteria presumably involved in the sulfur cycle, several typically heterotrophic bacteria (Pseudolateromonas and Vibrio spp.) were also detected in the Cariaco water column.
Deltaproteobacteria in the Cariaco Basin
The sequences of DGGE bands BJ11 and CJ26, found in all three surveyed sites in the Cariaco Basin, showed 99 and 98% similarity to the 16S rRNA gene sequences of uncultured bacterial clones Car168 and Car184f, which were earlier found in the water column of the Cariaco Basin (Madrid, 2000) . Sulfate reducers belonging to Deltaproteobacteria were also quantified by FISH by Lin et al. (2008) and were shown to peak just below the redox transition zone.
Only one OTU, DGGE band AJ34, was observed to be related to a sulfate-reducing bacterium, Desulfobulbus mediterraneus. This bacterium is a strict anaerobe with both respiratory and fermentative type of metabolisms that can use sulfate, sulfite, or thiosulfate as terminal electron acceptors (Saas et al., 2002) . This Desulfobulbus sp. is also closely related to Desulfobulbus propionicus, a wellcharacterized sulfate-reducing, sulfur-disproportionating bacterium (Lovley & Phillips, 1994; Pagani et al., 2011) .
The sequences of the ubiquitous DGGE band CJ26 and two other deltaproteobacterial OTUs derive from bacteria related (95-98%) to representatives of genus Nitrospina. Cultured representatives of Nitrospina spp. are known obligate lithoautotrophs that obtain energy and reducing power from the oxidation of nitrite to nitrate (Spieck & Bock, 2005) . This genus has also been described in samples obtained right above the hypoxic layer in the Saanich Inlet (Zaikova et al., 2010) , and mesopelagic waters of the North and South Atlantic (Swan et al., 2011) . The sequence of DGGE band CJ27, found in the oxic layer of site C in the Cariaco Basin, shows 99% similarity to 16S rRNA gene sequence of a SAR324 isolate from the mesopelagic zone of the South Atlantic (Swan et al., 2011) . Using single-cell sorting, whole genome amplification and microautoradiography linked with catalyzed reporter deposition fluorescence in situ hybridization, Swan et al. were able to study the genome and infer the metabolism of two SAR324 isolates. These researchers found complete RuBisCO operons in both genomes and confirmed assimilation of inorganic carbon in situ for this deltaproteobacterial group. Also, sulfur oxidation genes such as lineage I and II adenosine 5′-phosphosulfate reductase (aprA) and reverse type dissimilatory sulfite reductase (rdsrAB), thiosulfate oxidation, adenosine 5′-triphosphate sulfurylase, and sulfate permease genes have also been identified.
Phylogeny of group Car731c
Initial phylogenetic assessment could not properly assign two ubiquitous OTUs, (DGGE bands EM5A20 and EM5A30) to an existing bacterial phylum or candidate division. They were closely related only to the sequence Car731c previously retrieved by Madrid (2000) from a Cariaco Basin clone library. To determine whether these two sequences comprise a novel candidate division, attempts were made to obtain their near complete 16S rRNA gene sequence(s). Only 1088 bp of the 16S rRNA gene sequence was obtained for one of them. Two types of phylogenetic analyses of this sequence placed it into a clade equidistant from both SR1 and OD1 candidate division (Fig. 6) .
In accordance to Harris et al. (2004) , SR1, OP11, and OD1 are sister division-level clades. On the other hand, these three candidate divisions are observed to be deeply branched next to the bacterial phylum Caldiserica. Harris et al. (2004) found that, by increasing the number of sequences in a phylogenetic analysis from 36 (in the original work describing OP11; Hugenholtz et al., 1998) to 113, what was originally thought to be a well-supported monophyletic group comprising five clades, turned out to be three separate division-level clades.
The Car731c contig sequence seems to belong to a lineage separate from OP11 (Fig. 6 ). This separate lineage also contains the nearly full-length 16S rRNA gene sequence for EJ6A08 (Fig. 6) . Considering that this clade seems to be as distant from the OP11 clade as the latter is from the OD1 and SR1 candidate divisions, it is likely that, like the candidate divisions OD1 and SR1 (Harris et al., 2004) , this particular clade is also distant enough from the other OP11 sequences to classify it as a new candidate division, Car731c. Interestingly, that two other sequences (i.e., uncultured bacterial clones SHBH11039 and SGPZ609), which fall into the Ca731c candidate division, were retrieved from oceanic dead zones (Walsh et al., 2009) , environments geochemically similar to that of the Cariaco Basin.
Correlation between environmental gradients and microbial community distribution 16S rRNA gene analyses of bacterial community composition in the Cariaco Basin strongly imply bacterial involvement in oxidation of reduced sulfur species with both oxygen and oxidized nitrogen species. However, only one bacterial member of the community was suspected to be involved in sulfate reduction and disproportionation. Bacterial participation in some steps of the nitrogen cycle can also be inferred (particularly nitrite oxidation). It is also interesting that nitrite peaks at the Cariaco Basin redox transition zone ) providing a supply of energy for nitrite oxidizers. However, anammox bacteria, which are other nitrite consumers and have been detected by Wakeham et al. (2012) in the Cariaco Basin, were not detected in the current study. Perhaps they are present in narrow layers and at low numerical abundances in the Cariaco Basin.
The CCA analysis shows that the bacterial communities are clearly separated between oxic and suboxic/anoxic conditions. The lack of correlation between the redox transition zone communities and the environmental variables measured might indicate that an important variable is missing from the analysis or a large number of heterotrophic bacteria confound the results of the analyses. The sensitivity of the method used for O 2 detection is as low as 2.5 lM (Hayes et al., 2006) , meaning that nanomolar concentrations of O 2 cannot be detected and possible correlations with dark CO 2 fixation that might structure the redox transition zone communities cannot be established. Li et al. (2008) observed that elemental sulfur is correlated to chemoautotrophy around the redox transition zone and the upper anoxic region in samples obtained at sites A, B, and C in four different cruises between January 2006 and April 2007, indicating that this element might have a key role in supporting chemoautotrophy in these zones or may represent accumulations of the intermediate product of sulfide oxidation. Unfortunately, elemental sulfur was not measured during the cruises where we obtained our samples.
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